We present a new set of stellar yields obtained from rotating stellar models at solar metallicity covering the massive star range (12-60 M ⊙ ). The stellar models were calculated with the latest version of the Geneva stellar evolution code described in Hirschi et al. (2004) . Evolution and nucleosynthesis are in general followed up to silicon burning. The yields of our non-rotating models are consistent with other calculations and differences can be understood in the light of the treatment of convection and the rate used for 12 C(α, γ) 16 O. This verifies the accuracy of our calculations and gives a safe basis for studying the effects of rotation on the yields. The contributions from stellar winds and supernova explosions to the stellar yields are presented separately. We then add the two contributions to compute the total stellar yields. Below ∼ 30 M ⊙ , rotation increases the total metal yields, Z, and in particular the yields of carbon and oxygen by a factor of 1.5-2.5. As a rule of thumb, the yields of a rotating 20 M⊙ star are similar to the yields of a non-rotating 30 M⊙ star, at least for the light elements considered in this work. For very massive stars (∼ 60 M ⊙ ), rotation increases the yield of helium but does not significantly affect the yields of heavy elements.
Introduction
Stellar yields are a crucial input for galactic chemical evolution. It is therefore important to update them whenever significant changes appear in stellar evolution models. Recent yield calculations at solar metallicity have been conducted by a few groups (Rauscher et al. 2002; Thielemann et al. 1996) . Over the last ten years, the development of the Geneva evolution code has allowed the study of the evolution of rotating stars until carbon burning. The models reproduce very well many observational features at various metallicities, like surface enrichments (Meynet & Maeder 2002) , ratios between red and blue supergiants (Maeder & Meynet 2001 ) and the population of Wolf-Rayet (WR hereinafter) stars (Meynet & Maeder 2003) . In Hirschi et al. (2004) , we described the recent modifications made to the Geneva code and the evolution of our rotating models until silicon burning. In this paper, the goal is to calculate stellar yields for a large initial mass range (12-60 M ⊙ ) for rotating stars. In Sect. 2, we briefly present the model physical ingredients and the calculations. In Sect. 3, we describe the method and the formulae used to derive the yields. In Sect. 4, we discuss the wind contribution to the yields. Then, in Sect. 5, we present our supernova (SN) yields of light elements calculated at the pre-supernova stage. In Send offprint requests to: R. Hirschi e-mail: Raphael.Hirschi@obs.unige.ch Sect. 6, we describe and analyse the total stellar yields (wind + SN) and compare our results with those found in the literature.
Description of the stellar models
The computer model used to calculate the stellar models is described in detail in Hirschi et al. (2004) . Convective stability is determined by the Schwarzschild criterion. Convection is treated as a diffusive process from oxygen burning onwards. The overshooting parameter is 0.1 H P for H and He-burning cores and 0 otherwise. On top of the meridional circulation and secular shear, an additional instability induced by rotation, dynamical shear, is introduced in the model. The reaction rates are taken from the NACRE (Angulo et al. 1999 ) compilation for the experimental rates and from the NACRE website (http://pntpm.ulb.ac.be/nacre.htm) for the theoretical ones.
Since mass loss rates are a key ingredient for the yields of massive stars, we recall here the prescriptions used. The changes of the mass loss rates,Ṁ , with rotation are taken into account as explained in Maeder & Meynet (2000a) . As reference mass loss rates, we adopt the mass loss rates of Vink et al. (2000 Vink et al. ( , 2001 who account for the occurrence of bi-stability limits which change the wind properties and mass loss rates. For the domain not covered by these authors we use the empirical law devised by de Jager et al. (1988) . Note that this empirical law, which presents a dis- continuity in the mass flux near the Humphreys-Davidson limit, implicitly accounts for the mass loss rates of LBV stars. For the non-rotating models, since the empirical values for the mass loss rates are based on stars covering the whole range of rotational velocities, we must apply a reduction factor to the empirical rates to make them correspond to the non-rotating case. The same reduction factor was used as in Maeder & Meynet (2001) . During the Wolf-Rayet phase we use the mass loss rates by Nugis & Lamers (2000) . These mass loss rates, which account for the clumping effects in the winds, are smaller by a factor of 2-3 than the mass loss rates used in our previous non-rotating "enhanced mass loss rate" stellar grids (Meynet et al. 1994 ). Wind anisotropy (described in Maeder & Meynet 2000a ) was only taken into account for M 40 M ⊙ since its effects are only important for very massive stars.
The initial composition of our models is given in Table 1 . For a given metallicity Z (in mass fraction), the initial helium mass fraction Y is given by the relation Y = Y p + ∆Y /∆Z · Z, where Y p is the primordial helium abundance and ∆Y /∆Z the slope of the heliumto-metal enrichment law. We used the same values as in Maeder & Meynet (2001) i.e. Y p = 0.23 and ∆Y /∆Z = 2.25. For the solar metallicity, Z = 0.02, we thus have X = 0.705 and Y = 0.275. For the mixture of the heavy elements, we adopted the same mixture as the one used to compute the opacity tables for solar composition. For elements heavier than Mg, we used the values from Anders & Grevesse (1989) .
We calculated stellar models with initial masses of 12, 15, 20, 25, 40 and 60 M ⊙ at solar metallicity, with initial rotation velocities of 0 and 300 km s −1 . The value of the initial velocity corresponds to an average velocity of about 220 km s −1 on the Main Sequence (MS) which is very close to the average observed value (see for instance Fukuda 1982) . The calculations start at the ZAMS. Except for the 12 M ⊙ models, the rotating models were computed until the end of core silicon (Si) burning and their nonrotating counterparts until the end of shell Si-burning. For the non-rotating 12 M ⊙ star, neon (Ne) burning starts at a fraction of a solar mass away from the centre but does not reach the centre and the calculations stop there. For the rotating 12 M ⊙ star, the model ends after oxygen (O) burning. The evolution of the models is described in Hirschi et al. (2004) .
Yield calculations
In this paper, we calculated separately the yield contributions from stellar winds and the SN explosion. The wind contribution from a star of initial mass, m, to the stellar yield of an element i is:
where τ (m) is the final age of the star,Ṁ (m, t) the mass loss rate when the age of the star is equal to t, X S i (m, t) the surface abundance in mass fraction of element i and X 0 i its initial mass fraction (see Table 1 ). Mass loss occurs mainly during hydrogen (H) and helium (He) burnings. Indeed, the advanced stages of the hydrostatic evolution are so short in time that only a negligible amount of mass is lost during these phases.
In order to calculate the SN explosion contribution to stellar yields of all the chemical elements, one needs to model the complete evolution of the star from the ZAMS up to and including the SN explosion. However, elements lighter than neon are marginally modified by explosive nucleosynthesis Thielemann et al. 1996) and are mainly determined by the hydrostatic evolution while elements between neon and silicon are produced both hydrostatically and explosively. In this work, we calculate SN yields at the end of core Si-burning. We therefore present these yields as pre-SN yields. The pre-SN contribution from a star of initial mass, m, to the stellar yield of an element i is:
where m(rem) is the remnant mass, m(τ ) the final stellar mass, X 0 i the initial abundance in mass fraction of element i and X i (m r ) the final abundance in mass fraction at the lagrangian mass coordinate, m r .
The remnant mass in Eq. 2 corresponds to the final baryonic remnant mass that includes fallback that may occur after the SN explosion. The exact determination of the remnant mass would again require the simulation of the core collapse and SN explosion, which is not within the scope of this paper. Even if we had done the simulation, the remnant mass would still be a free parameter because most explosion models still struggle to reproduce explosions (Janka et al. 2003 , and references therein). Nevertheless, the latest multi-D simulations (Janka et al. 2004) show that low modes of the convective instability may help produce an explosion. When comparing models to observations, the remnant mass is Table 2 . Initial mass (column 1) and initial rotation velocity [km s −1 ] (2), final mass (3), masses of the helium (4), carbon-oxygen (5) cores, the remnant mass (6) and lifetimes [Myr] (7) for solar metallicity models. All masses are in solar mass units. An "A" in the second column means that wind anisotropy was taken into account. usually chosen so that the amount of radioactive 56 Ni ejected by the star corresponds to the value determined from the observed light curve. So far, mostly 1D models are used for explosive nucleosynthesis but a few groups have developed multi-D models (see Travaglio et al. 2004; Maeda & Nomoto 2003) . Multi-D effects like mixing and asymmetry might play a role in determining the mass cut if some iron group elements are mixed with oxygen-or silicon-rich layers.
In this work, we used the relation between M CO and the remnant mass described in Maeder (1992) . The resulting remnant mass as well as the major characteristics of the models are given in Table 2 . The determination of M α and M CO is described in Hirschi et al. (2004) .
We do not follow 22 Ne after He-burning and have to apply a special criterion to calculate its pre-SN yield. During He-burning, 22 Ne is produced by 18 O(α, γ) and destroyed by an α-captures which create 25 Mg or 26 Mg. 22 Ne is totally destroyed by C-burning. We therefore consider 22 Ne abundance to be null inside of the C-burning shell. Numerically, this is done when the mass fraction of 4 He is less than 10 −4 and that of 12 C is less than 0.1.
Once both the wind and pre-SN contributions are calculated, the total stellar yield of an element i from a star of initial mass, m, is:
mp tot im corresponds to the amount of element i newly synthesised and ejected by a star of initial mass m (see Maeder 1992) .
Other authors give their results in ejected masses, EM :
and production factors (PF) (see :
We also give our final results as ejected masses in order to compare our results with the recent literature.
Stellar wind contribution
Before we discuss the wind contribution to the stellar yields, it is instructive to look at the final masses given in Table 2 (see also Fig. 16 in Hirschi et al. 2004) . We see that, below 25 M ⊙ , the rotating models lose significantly more mass. This is due to the fact that rotation enhances mass loss and favours the evolution into the red supergiant phase at an early stage during the core Heburning phase (see for example Maeder & Meynet 2000b) . For WR stars (M 30 M ⊙ ), the new prescription by Nugis & Lamers (2000) , including the effects of clumping in the winds, results in mass loss rates that are a factor of two to three smaller than the rates from Langer (1989) . The final masses of very massive stars ( 60 M ⊙ ) are therefore never small enough to produce neutron stars. We therefore expect the same outcome (BH formation) for the very massive stars as for the stars with masses around 40 M ⊙ at solar metallicity.
The wind contribution to the stellar yields is presented in Table 3 . The H-burning products (main elements are 4 He and 14 N) are ejected by stellar winds in the entire massive star range. Nevertheless, in absolute value, the quantities ejected by very massive stars (M 40 M ⊙ ) are much larger. These yields are larger in rotating models. This is due to both the increase of mixing and mass loss by rotation. For M 40 M ⊙ , the dominant effect is the diffusion of H-burning products in the envelope of the star due to rotational mixing. For more massive stars (M 40 M ⊙ ), the mass loss effect is dominant.
The He-burning products are produced deeper in the star. They are therefore ejected only by WR star winds. Since the new mass loss rates are reduced by a factor of two to three (see Sect. 2), the yields from the winds in 12 C are much smaller for the present WR stellar models compared to the results obtained in Maeder (1992) . As is shown below, the pre-SN contribution to the yields of 12 C are larger in the present calculation and, as a matter of fact, the new 12 C total yields are larger than in Maeder (1992) . In general, the yields for rotating stars are larger than for non-rotating ones due to the extra mass loss and mixing. For very massive stars (M 60 M ⊙ ), the situation is reversed for He-burning products because of the different mass loss history. Indeed, rotating stars enter into the WR regime in the course of the main sequence (MS). In particular, the long time spent in the WNL phase (WN star showing hydrogen at its surface, Meynet & Maeder 2003) results in the ejection of large amounts of H-burning products. Therefore, the star enters the WC phase with a smaller total mass and fewer He-burning products are ejected by winds (the mass loss being proportional to the actual mass of the star).
Since 16 O is produced even deeper in the star, the present contribution by winds to this yield are even smaller. 12 C constituting the largest fraction of ejected Table 3 . Initial mass and velocity and stellar wind contribution to the yields (mp wind im ). All masses and yields are in solar mass units and velocities are in km s −1 . "A" in column 1 means wind anisotropy has been included in the model. Z is the total metal content and is defined by metals, the conclusion for the wind contribution to the total metallic yield, Z, is the same as for 12 C.
Pre-SN contribution
As said above, our pre-SN yields, mp pre−SN im , were calculated at the end of core Si-burning using the remnant mass, M rem , given in Table 2 . We therefore concentrate on yields of light elements which depend mainly on the evolution prior to core Si-burning.
Before discussing the pre-SN yields, it is interesting to look at the abundance profiles at the pre-SN stage presented in Fig. 1 and at the size of helium and carbonoxygen cores given in Table 2 . The core sizes are clearly increased due to rotational mixing. We also see that as the initial mass of the model increases, the core masses get closer and closer to the final mass of the star. M α reaches the final mass of the star when M ini 40 M ⊙ for non-rotating models and when M ini 25 M ⊙ for rotating models. M CO becomes close to the final mass for both rotating and non-rotating models for M ini 40 M ⊙ .
The pre-SN yields are presented in Tables 4 and 5. One surprising result in Table 4 is the negative pre-SN yields of 4 He (and of 14 N) for WR stars. This is simply due to the definition of stellar yields, in which the initial composition is deducted from the final one. As said above, M CO becomes close to the final mass for M ini 40 M ⊙ . Since the CO core is free of helium, it is then understandable that the pre-SN yields of 4 He for WR stars is negative.
Carbon, oxygen and metallic yields
If mixing is dominant (M 30 M ⊙ ), the larger the initial mass, the larger the metallic yields (because the various cores become larger). Rotation increases the core sizes by extra mixing and therefore the total metallic yields are larger for rotating models. Overshooting also plays a role in the core sizes. The larger the overshooting parameter, the larger the cores and the larger the yields. If we compare our rotating and non-rotating models, we see that the pre-SN total metallic yields and 12 C and 16 O yields in particular are enhanced by rotation by a factor 1.5-2.5 below 30 M ⊙ .
For very massive stars (M 30 M ⊙ ), the higher the mass loss, the smaller the final mass and the total metallic yields. The same explanations work well in general for carbon and oxygen.
Total stellar yields

Comparison between the wind and pre-SN contributions
The total stellar yields, mp tot im = mp pre−SN im + mp wind im (to be used for chemical evolution models using Eq. 2 from Maeder 1992) , are presented in Tables 6 and 7 . What is the relative importance of the wind and pre-SN contribu- . Initial mass and velocity and pre-SN contribution to the yields (mp pre−SN im ) of solar metallicity models. All masses and yields are in solar mass units and velocities are in km s −1 . "A" in column 2 means wind anisotropy has been included in the model. Z is the total metal content and is defined by: Z= 1 − X1 H − X3 He − X4 He . 300A -2.56E-4 -2.08E+0 1.51E+0 -3.62E-4 -9.31E-3 5.03E+0 6.93E-3 2.45E-5 8.28E+0 60 0 -2.98E-4 -2.45E+0 1.42E+0 -4.21E-4 -1.08E-2 6.03E+0 6.58E-3 6.26E-5 9.66E+0 60 300A -2.99E-4 -2.40E+0 1.49E+0 -4.22E-4 -1.09E-2 6.01E+0 7.60E-3 5.08E-5 9.63E+0 Table 6 . Initial mass and velocity and total stellar yields (mp pre−SN im + mp wind im ) of solar metallicity models. All masses and yields are in solar mass units and velocities are in km s −1 . "A" means wind anisotropy has been included in the model. Z is the total metal content and is defined by: Z= 1 − X1 H − X3 He − X4 He . These are the yields to be used for chemical evolution models using Eq. 2 from (Maeder 1992 tions? Figure 2 displays the total stellar yields divided by the initial mass of the star, p tot im , as a function of its initial mass, m, for the non-rotating (left) and rotating (right) models. The different shaded areas correspond from top to bottom to p tot im for 4 He, 12 C, 16 O and the rest of the heavy elements. The fraction of the star locked in the remnant as well as the expected explosion type are shown at the bottom. The dotted areas show the wind contribution for 4 He, 12 C and 16 O.
For 4 He (and other H-burning products like 14 N), the wind contribution increases with mass and dominates for M 22M ⊙ for rotating stars and M 35M ⊙ for nonrotating stars, i. e. for the stars which enter the WR stage. As said earlier, for very massive stars, the SN contribution is negative and this is why p tot 4 Hem is smaller than p wind 4 Hem . In order to eject He-burning products, a star must not only become a WR star but must also become a WC star. Therefore for 12 C, the wind contributions only start to be significant above the following approximative mass limits: 30 and 45 M ⊙ for rotating and non-rotating mod-els respectively. Above these mass limits, the contribution from the wind and the pre-SN are of similar importance. Since at solar metallicity, no WO star is produced , for 16 O, as for heavier elements, the wind contribution remains very small.
Comparison between rotating and non-rotating models
For H-burning products, the yields of the rotating models are usually higher than those of non-rotating models. This is due to larger cores and larger mass loss. Nevertheless, between about 15 and 25 M ⊙ , the rotating yields are smaller. This is due to the fact that the winds do not expel many H-burning products yet and more of these products are burnt later in the pre-supernova evolution (giving negative SN yields). Above 40 M ⊙ , rotation clearly increases the yields of 4 He. Concerning He-burning products, below 30 M ⊙ , most of the 12 C comes for the pre-SN contribution. In this mass The corresponding SN explosion type is also given. The wind contributions are superimposed on these total yields for the same elements between their bottom limit and the dotted line above it. Dotted areas help quantify the fraction of the total yields due to winds. Note that for 4 He, the total yields is smaller than the wind yields due to negative SN yields (see text). Preliminary results for masses equal to 9, 85 and 120 M ⊙ were used in this diagram (see Hirschi 2004) . range, rotating models having larger cores also have larger yields (factor 1.5-2.5). We notice a similar dependence on the initial mass for the yields of non-rotating models as for the yields of rotating models, but shifted to higher masses. Above 30 M ⊙ , where mass loss dominates, the yields from the rotating models are closer to those of the non-rotating models. The situation for 16 O and metallic yields is similar to carbon. Therefore 12 C, 16 O and the total metallic yields are larger for our rotating models compared to our non-rotating ones by a factor 1.5-2.5 below 30 M ⊙ . Figure 3 presents the stellar yields convolved with the Salpeter initial mass function (IMF) (dN/dM ∝ M −2.35 ). This reduces the importance of the very massive stars. Nevertheless, the differences between rotating and non-rotating models remain significant, especially around 20 M ⊙ .
Comparison with the literature
We compare here the yields of the non-rotating models with other authors. For this purpose, the ejected masses, EM , defined by Eq. 4 in Sect. 3, are presented in Tables 8 and 9 . Figure 4 shows the comparison with four other calculations: 4 . Left: total ejected masses (EM) of 1 H, 4 He, 12 C and 16 O as a function of the initial mass for different nonrotating models at solar metallicity. Right: total ejected masses (EM) of 16 O, 20 Ne and 24 Mg as a function of the CO core mass for different models at solar metallicity. Solid lines (HMM04) represent our results, dotted lines (LC03) show the results from , long-short dashed lines (TNH96) show the results from Thielemann et al. (1996) , dashed lines (RHW02) represent the results from Rauscher et al. (2002) and dotted-dashed (WW95) lines show the results from . ours (models 15D, 20B, 25A). The uncertainties related to convection and the 12 C(α, γ) 16 O reaction are dominant.
Therefore, before we compare our results with other mod- Table 8 . Initial mass and velocity, remnant mass and total ejected masses (EM) of solar metallicity models. All masses are in solar mass units and velocities are in km s −1 . "A" in column 2 means wind anisotropy has been included in the model. Note that this table is given for comparison with other recent publications and does not correspond to our definition of yields (see Sect. 3). A comparison of the different reaction rates and treatment of convection is presented in Hirschi et al. (2004) . The comparison of the ejected masses is shown in Fig.  4 for masses between 15 and 25 M ⊙ . The 4 He and 16 O yields are larger when respectively the helium and carbonoxygen cores are larger. This can be seen by comparing our models with those of RHW02 and LC03 ( Fig. 4 and respective tables of core masses).
For 12 C yields, the situation is more complex because the larger the cores, the larger the central temperature and the more efficient the 12 C(α, γ) 16 O reaction. If we only consider the effect of this reaction we have that the larger the rate, the smaller the 12 C abundance at the end of He-burning and the smaller the corresponding yield (and the larger the 16 O yield). This can be seen in Fig. 4 by comparing our 12 C and 16 O yields with those of LC03 (we both use Schwarzschild criterion). Indeed the NACRE rate is larger than the K02 one so our 12 C yield is smaller. THN96 (who also use Schwarzschild criterion) using the rate of Caughlan et al. (1985) which is even larger, obtain an even smaller 12 C yield. When both the convection treatment and the 12 C(α, γ) 16 O rate are different, the comparison becomes more complicated. Nevertheless, within the model uncertainties, the yields of various models agree. In fact, the uncertainties are reduced when we use the CO core mass instead of the initial mass in order to compare the results of different groups. Fig. 4 (right) shows the small uncertainty for 16 O in relation to the CO core mass. This confirms the relation M CO -yields( 16 O) and shows that this relation holds for models of different groups and for models of non-rotating and rotating stars.
We calculated the pre-SN yields at the end of Siburning. Therefore, the yields of 20 Ne and 24 Mg may still be affected by explosive neon and oxygen burnings. 20 Ne yields are upper limits due to the possible destruction of this element by explosive Ne-burning. Figure 4 (right) shows that our results lies above the results of other groups but that the difference is as small as differences between the results of the other groups. 24 Mg yields are also close to the results of other groups who included explosive burnings in their calculations. By comparing our results for 20 Ne and 24 Mg with the other groups mentioned above, we see that the difference between our results and the results of other groups is as small as the differences between the 19, 20 and 21 M ⊙ models of Rauscher et al. (2002) and differences between for example Rauscher et al. (2002) and . This means that our yields for these two elements are good approximations even though explosive burning was not followed in this calculation. For 24 Mg, it is interesting to note that rotation increases significantly the yields only for the 12 M ⊙ models and that, in general, rotation slightly decreases the 24 Mg yields in the massive star range (see Table 7 and Fig. 4 right) . This point is interesting for chemical evolution of galaxies since it goes in the same direction as observational constraints (François et al. 2004) . For 17 O yields, all recent calculations agree rather well and differ from the WW95 results because of the change in the reaction rates (especially 17 O(p, α) 14 N, see Aubert et al. 1996) . 18 O and 22 Ne are produced by αcaptures on 14 N. As said in Sect. 3, 22 Ne is not followed during the advanced stages and we had to use a special calculation for its yield. Our 22 Ne values are nevertheless very close to other calculations (see Hirschi 2004) .
Conclusion
We calculated a new set of stellar yields of rotating stars at solar metallicity covering the massive star range (12-60 M ⊙ ). We used for this purpose the latest version of the Geneva stellar evolution code described in Hirschi et al. (2004) . We present the separate contribution to stellar yields by winds and supernova explosion. For the wind contribution, our rotating models have larger yields than the non-rotating ones because of the extra mass loss and mixing due to rotation. For the SN yields, we followed the evolution and nucleosynthesis until core silicon burning. Since we did not model the SN explosion and explosive nucleosynthesis, we present pre-SN yields for elements lighter than 28 Si, which depend mostly on the evolution prior to Si-burning. Our results for the non-rotating models correspond very well to other calculations and differences can be understood in the light of the treatment of convection and the rate used for 12 C(α, γ) 16 O. This assesses the accuracy of our calculations and assures a safe basis for the yields of our rotating models.
For the pre-SN yields and for masses below ∼ 30 M ⊙ , rotating models have larger yields. The 12 C and 16 O yields are increased by a factor of 1.5-2.5 by rotation in the present calculation. When we add the two contributions, the yields of most heavy elements are larger for rotating models below ∼ 30 M ⊙ . Rotation increases the total metallic yields by a factor of 1.5-2.5. As a rule of thumb, the yields of a rotating 20 M ⊙ star are similar to the yields of a non-rotating 30 M ⊙ star, at least for the light elements considered in this work. When mass loss is dominant (above ∼ 30 M ⊙ ) our rotating and non-rotating models give similar yields for heavy elements. Only the yields of H-burning products are increased by rotation in the very massive star range.
